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Defects in diamond can be used to detect the presence of a single electric charge.
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In nanoscale devices like a quantum dot, the presence
of even a single excess electron can change the material’s
electrical or optical properties. Similarly, the charge on
biological macromolecules, such as DNA, affects their in-
teractions with other molecules. Researchers are there-
fore searching for new ways to sense localized charges
on materials in a variety of environments. In Physi-
cal Review Letters, Jorg Wrachtrup at the University of
Stuttgart, Germany, and his collaborators report a pro-
totype electrometer consisting of an atom-sized defect in
diamond, called a nitrogen-vacancy center (NV), that is
capable of sensing a single charge on a nearby nitrogen-
vacancy center. The electrometer could, in principle,
work at room temperature and atmospheric pressure and
requires no electrical contact with the sample [I]. The
technique builds on the group’s earlier work, in which
they established that the resonant frequency of a NV’s
spin precessing in a magnetic field is influenced by an
applied electric field [2]. They now show that this spin
resonance signal is sensitive enough to detect the electric
field from a single electron 25 nanometers (nm) away.

Several methods for sensing individual charges already
exist. For example, electrostatic force microscopy [3] and
scanning single-electron transistor microscopy [4] have
provided astonishing nanoscale views of the distribution
of charge states in ceramics and semiconductor devices.
A new sensor based on spin resonance is an appealing
complement because it requires no electrical connection
to the sample, can operate under ambient conditions,
and can potentially tolerate environments, such as lig-
uids or harsh chemicals, that are inhospitable to other
techniques. In fact, NV center spins have already been
pressed into service as nanoscale magnetic-field sensors
that can detect a single spin [B]. They can also function
as sensitive thermometers [6] that work inside living cells
[7.

The NV center is a point defect in diamond that con-
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sists of a missing carbon atom (a vacancy) and a nitrogen
atom that substitutes for a carbon atom on an adjacent
lattice site. At the defect site, the dangling bonds of
the surrounding atoms hybridize and form localized elec-
tronic energy levels similar to those of a molecule. When
an NV center is negatively charged (denoted NV7), it
has a total electronic spin of 1, giving it three possible
spin projections (mgs = 0, +1, —1). An exciting property
of NV~ is that after being optically excited to a higher-
energy electronic state, its relaxation back to the lowest
energy state depends on its spin projection. If the spin
projection is mg = 0, it almost always relaxes by emitting
a photon. Relaxation for the other two spin projections
(ms = £1) could either involve emission of a photon,
or it could involve a long-lived intermediate state, with
no visible photon emission. As a result, the intensity of
light emitted by the NV~ depends on its electronic spin
projection, which in turn provides an optical method to
detect the changes in the average spin projection that oc-
cur in a spin resonance experiment. This property, along
with the atom-scale size of the defects and their naturally
narrow spin resonance linewidths, makes NV centers at-
tractive as optically addressed nanoscale sensors that use
spin resonance to monitor the local environment.

In 2011, Wrachtrup and his group showed that a NV
center’s spin resonance depends on local electric field [2].
In simple terms, this dependence exists because a nearby
electric field changes the symmetry of the nitrogen-
vacancy center. When no electric field is present, the
four dangling bonds around the vacancy have roughly the
shape of a camera tripod (three bonds form the legs and
one bond forms the pole supporting the camera). But
in an electric field, the tripod becomes slightly distorted.
As a result, the nitrogen-vacancy center’s electron den-
sity and spin energies shift, which the researchers can
detect as a shift in the spin resonance frequency.

The researchers have now shown that the vacancy is
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sufficiently sensitive that it can detect the electric field
of a single charge. To demonstrate this level of sensi-
tivity, Wrachtrup and co-workers first needed a way to
control a localized electron in the vicinity of the defect.
They take advantage of the fact that, like many semicon-
ductor defects with deep energy levels, NV centers can
be stable in more than one charge state. In particular,
they can be negatively charged with one electron (NV™)
or electrically neutral (NVY). In an earlier paper [§], the
Stuttgart group provided evidence that the charge state
could be optically controlled with a red laser.

In this new work, Wrachtrup combines these two
capabilities—electric-field detection and optically in-
duced charging—in a pair of nearby NV centers. They
designate one NV center as the electrometer (the “sen-
sor”) and the other as a controllable source of a single
electron charge (the “target,” see Fig. [I). These two
NV centers are spaced about 25 nm apart within a sin-
gle crystal of diamond. The two defects have a different
orientation with respect to the diamond crystalline axes,
which allows their spin resonance signals to be studied in-
dependently. The researchers measure the magnetic reso-
nance signal of the sensor using spin resonance protocols
that maximize the sensitivity of the spin precession fre-
quency to local electric fields. When they take a Fourier
transform of this data, they observe two distinguishable
resonant features: One feature corresponds with the tar-
get in the NV~ state and the other with the target in
the NV? state. The amplitude of each of these features
corresponds to the relative amount of time the target
spent in each charge state, proving the sensor’s sensitiv-
ity to the presence of a single, nearby charge. This direct
sensitivity to charge allows them to confirm their earlier
conclusion [8] that increasing red illumination increases
the probability of the target being NV,

The real advance, however, is the demonstration that
the spin state of a single diamond NV center is sensitive
to the electric field from a single, localized charge. It
is easy to imagine extending their experiment by scan-
ning the sensor relative to a target in a different material
to build up an image of the local charge environment.
Since a NV scanning field sensor could operate under a
wide range of conditions, including in a liquid, the device
would extend the choices for fundamental charge sensing
in nanoscience and potentially biology, where electrostat-
ics play a crucial role [9].

Like many ideas in nanoscience, moving from a proof-
of-concept demonstration to a useful tool is a major
challenge. Among the obstacles is the low flux of pho-
tons emitted from a single NV center, which will poten-
tially require long data collection times. Additionally, the
present experiment was conducted using well-controlled
NV centers located deep within a single crystal of dia-
mond. In contrast, a useful scanning sensor would need
an NV center placed a few nanometers from the surface
or embedded within a tiny nanostructure. Such surface
proximity tends to shorten the spin coherence time rel-
ative to “deep” NV centers, which correspondingly de-
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FIG. 1: Experimentalists have shown that a defect in dia-
mond, called a nitrogen-vacancy center, can detect the pres-
ence of a single charge on a neighboring defect 25 nm away.
The charge sensitivity exists because the spin precession rate
of a nitrogen-vacancy center depends on the local electric field
and can be read out optically. To demonstrate the single-
charge sensitivity, the researchers showed that the resonant
frequency of a spin on one defect (the “sensor”) depended on
the charge state of a nearby defect (the “target”) (APS/Joan
Tycko)

creases the sensitivity even for perfect diamond crystals
[I0]. Fortunately, the electric-field sensing protocol is
fairly insensitive to magnetic-field noise, providing some
isolation from decohering surface spins. Also, several
groups are working to overcome similar issues in spin
sensors that use NV centers. Even if substantial effort
lies ahead, this work is an important step forward for
nanoscale sensing of fundamental charges.
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